ABSTRACT: A feeding trial was conducted to estimate the minimal dietary potassium (K) requirement for juvenile grass shrimp Penaeus monodon. Purified diets with seven levels (0, 0.3, 0.6, 0.9, 1.2, 1.5, 2.0 g/100 g) of supplemental potassium were fed to P. monodon (mean initial weight 0.75 ± 0.01 g) for 8 weeks. Each diet was fed to three replicate groups of shrimp. The rearing water contained 360 mg/L potassium. Weight gain and protein efficiency ratio (PER) of shrimp improved as dietary potassium supplementation level increased up to 1.5 g K/100 g diet and thereafter declined significantly (P < 0.05). Feed efficiency (FE) of shrimp also showed a similar trend. However, whole body K concentration of the shrimp kept an increasing trend up to 2.0 g K/100 g diet. Analysis of the weight gain (percent) and PER of the shrimp by polynomial regression indicate that the minimal dietary potassium requirement in growing P. monodon is approximately 1.2 g/100 g.
INTRODUCTION

Potassium (K +
is the principal intracellular cation in animals. The dietary requirement for this mineral has been reported for several terrestrial animals. For aquatic animals, the quantitative requirement for growth has been studied in only a few species of fish. For example, 0.8 g/100 g and 0.26 g/100 g diet have been reported as the requirements for chinook salmon 1 and channel catfish, 2 respectively. For crustaceans, only limited information indicating the essential importance of mineral requirements is available. Kanazawa et al. reported that a dietary level of 0.9 g K/100 g of diet improved growth of Marsupenaeus japonicus compared to diets containing 1.8 g K/100 g diet. 3 Deshimaru and Yone recommended dietary supplementation of 1 g K/100 g diet, based on the comparative growth of shrimp fed a diet without magnesium and potassium supplementation. 4 Using semipurified diets containing a complete mineral premix, Davis et al. found that the individual deletion of dietary potassium did not result in a significantly lower level of tissue potassium in Litopenaeus vannamei. 5 Quantitative requirements of crustaceans for potassium have yet to be studied.
The purpose of the present study was to determine the minimal dietary potassium requirement of juvenile grass shrimp Penaeus monodon, which is the most widely cultured shrimp species in the world.
MATERIALS AND METHODS
Diet preparation
The experimental diet formulation is presented in Table 1 . The formulation, similar to that of Shiau and Hwang, 6 has been shown to be adequate for P. monodon. Vitamin-free casein (Sigma Chemical Co., St Louis, MO, USA), fish oil (Scott and Bowne, London, UK) and corn starch (Sigma Chemical Co.) were used as the dietary protein, lipid and carbohydrate sources, respectively. A mixture of amino acids [including glycine, l-alanine, l-glutamate, and betaine (Sigma Chemical Co.)] was included in the diets as a lure. 7 The vitamin and mineral mixtures were similar to those used by Shiau 3 ) was stocked with 15 shrimp with an average weight of 0.75 ± 0.01 g. The treatments were randomly assigned to aquaria and a block design was employed to avoid possible location effects. Each experimental diet was fed to three groups of shrimp. Each aquarium received continuous aeration. In each aquarium, impurities from uneaten feed and fecal pellets in the water were siphoned off every day, and 75% of the water was exchanged at 2, 4, and 6 weeks to maintain water quality. Dissolved oxygen concentration was monitored weekly and maintained at 7.5 mg O 2 /L throughout the experimental period. Water temperature ranged from 26 to 28°C, pH from 6.6 to 6.8, and salinity from 19 to 21 g/kg. A photoperiod of 12 h light, 12 h dark (08.00-20.00 hours) was used. Groups of shrimp were initially fed their respective diets at a rate of 8 g/100 g bodyweight. This daily ration was subdivided into two equal feedings at 09.00 and 17.00 hours. Shrimp were weighed biweekly, and the daily ration was adjusted accordingly. Uneaten feeds were weighed. Any dead shrimp were removed and were not replaced during the experiment. The duration of the study was 8 weeks.
At the end of the feeding trial, the shrimp were weighed. Growth (as measured by the percentage of bodyweight gain), feed efficiency (FE) and protein efficiency ratio (PER) were calculated as described elsewhere. 11, 12 After the final weighing, six shrimp were randomly selected from each aquarium and pooled to determine total body potassium 9 for each of the dietary treatments.
Statistical analysis
Growth and whole body potassium data were calculated as the means of three separate determinations. Results were analyzed by one-way anova.
When the anova identified differences among dietary treatments, multiple comparisons among means were made using Duncan's new multiple range test. Statistical significance was determined by setting the aggregate type I error at 5% (P < 0.05) for each set of comparisons. Dietary potassium requirement was estimated by the polynomial regression method 13 of weight gain and PER of the shrimp compared to dietary potassium levels. stadt, Germany) was added to the test diets at levels of 0.0, 0.3, 0.6, 0.9, 1.2, 1.5 and 2.0 g/100 g diet with a corresponding decrease in the amount of cellulose ingredient. The potassium concentrations of the seven experimental diets were analyzed by flame photometry after dry ashing according to the method of the Association of Official Analytical Chemists, 9 and found to be 0.05 g/100 g (unsupplemented control), 0.35 (0.3 g/100 g), 0.62 (0.6 g/100 g), 0.94 (0.9 g/100 g), 1.28 (1.2 g/100 g), 1.56 (1.5 g/100 g) and 2.00 (2.0 g/100 g). The diets were prepared and stored as described elsewhere.
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Experimental procedure
Juvenile P. monodon were supplied by the Tungkang Marine Laboratory (Tungkang, Pingtung, Taiwan). Upon arrival, they were acclimated to laboratory conditions for two weeks in a plastic tank [74 cm (w) ¥ 95 cm (l) ¥ 45 cm (h)] and fed a 
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RESULTS
Weight gain was highest for shrimp fed diets supplemented with 1.5 g K/100 g diet, intermediate for shrimp fed diets with 0.6-1.2 g K/100 g diet, followed by shrimp fed diets supplemented with 2.0 g K/100 g and 0.3 g K/100 g diet and the unsupplemented control diet (Table 2) . Differences between the highest group and each of the lowest groups were significant (P < 0.05). Feed efficiency was highest for diets supplemented with 1.2 g K/100 g and 1.5 g K/100 g diet, followed by the 0.3-0.9 g K/100 g and 2.0 g K/100 g diets and then the unsupplemented control diet. The difference between each of the highest groups and the control group was significant. Protein efficiency ratio was highest for diets containing 0.6-1.5 g K/100 g diet, intermediate in shrimp fed diets with 0.3 g K/100 g, and lowest for diets with 2.0 g K/100 g diet and the control diet. The difference between the highest and the lowest groups were significant. Whole body potassium concentration in shrimp was highest in shrimp fed diets containing 2.0 g K/100 g diet, followed by shrimp fed 0.9 g K/100 g, 1.2 g K/100 g and 1.5 g K/100 g diets, then 0.3 g K/100 g and 0.6 g K/100 g diets and, finally, the unsupplemented control diet. The differences between 2.0 g K/100 g and < 0.6 g K/100 g and between 0.9 g K/100 g and 1.5 g K/100 g and the control group were significant.
When the polynomial (second order) regression model 13 was employed to express the relationship between weight gain, PER and dietary potassium concentration, a growth peak and highest PER value was reached when dietary potassium concentrations were 1.22 g/100 g, and 1.08 g/100 g diet, respectively (Fig. 1) .
DISCUSSION
The essentiality of dietary potassium for normal growth of P. monodon is clearly demonstrated in Fig. 1 The effect of dietary potassium on relative weight gain (g/100 g initial bodyweight) and protein efficiency ratio (PER) of Penaeus monodon. Each point represents the mean of three groups of shrimp (n = 3), with 15 shrimp per group. Requirements derived with the polynomial regression method for weight gain and PER are 1.22 and 1.08 g K/100 g diet, respectively. the present study. After 8 weeks, shrimp with highest weight gain had nearly quadrupled their weight. This growth performance is comparable to that of a previous study in which P. monodon were fed a complete purified diet that corresponded to the 1.5 g K/100 g diet of the present study. 12 The results of the present study also indicate that there is a requirement by P. monodon for postassium that can not be met by the concentration of potassium in the rearing water. The potassium concentration in brackish water used in the present study was 360 p.p.m. The present study demonstrates that in a brackish water-rearing environment, the inclusion of dietary potassium is essential for P. monodon. However, P. monodon can also be reared in a salt water system. 11, 14 Potassium concentration in salt water is higher than in brackish water (data not shown). The extent to which the difference in potassium concentration from the rearing water source would affect the dietary requirement of shrimp is not known and requires further study.
The broken-line regression method is a widely used method for evaluating dose-response data in nutrient requirement studies with aquatic species. This technique involves using two straight lines to model the dose-response relationship. The ascending line represents increases in response with increasing nutrient intake, while the horizontal line represents nutrient sufficiency. In other words, the second line (e.g. the horizontal) means a plateau in which no statistical significance should exist between the groups along the line. However, in the present study, weight gain of shrimp reached a maximum at 1.5 g K/100 g diet and decreased significantly thereafter ( Table 2 ), indicating that the broken-line model does not fit the data properly. Thus, the requirement was estimated by a second-order regression analysis done according to Zeitoun. 13 As indicated by Zeitoun, the value corresponding to maximal gain as estimated by quadratic regression is defined as the concentration of dietary nutrient that produces maximum growth, and beyond which growth is depressed. Total body potassium concentration of shrimp fed potassium supplemented diets increased as the potassium supplementation level increased (Y = 99.78X + 2784.02, R 2 = 0.92; Table 2 ), indicating a dietary requirement for potassium. However, the tissue potassium concentration of shrimp did not reach a plateau, suggesting that this variable may not be suitable for estimating the dietary potassium requirement.
In summary, weight gain of shrimp was improved as the level of potassium was increased in the diet, until reaching a peak after the require-
